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Discussions on Session 5A:  
Quantum effects in biology: enzyme activity, bird navigation   
 
Chair: P. Hore (University of Oxford) 
 
Auditor: M. Rooman (Université Libre de Bruxelles, Brussels) 
 
 
J. Klinman: Wolfgang, did you look for cryptochromes in the left and right eyes? 
 
W. Wiltschko: Yes, there is no difference between the eyes. Lateralization is normally attributed to the brain, 
anyhow.  
 
J. Klinman: And humans, who do not migrate, do they have cryptochromes in the eyes as well? 
 
W. Wiltschko: Humans have cryptochromes, yes. 
 
J. Klinman: I am just wondering if cryptochromes are a ubiquitous property in eyes or not? 
 
W. Wiltschko: I do not know.  
 
T. Ritz: Even in the birds we just found out now their presence in eyes. The early tests suggested them to be in 
ganglion cell layers, and also in other parts, for example in parts that are involved in regulating day/night rhythms. 
But for other organisms there has not yet been this ultrastructural analysis, where you can see the presence of 
cryptochromes in outer segments of cells.  
 
H. Kauffmann: My question goes to you, Thorsten. What is the reason for this signal to be so intense? You offered 
no explanation, and the question is: is there something that one could understand with regard to this signal 
enhancement? 
 
T. Ritz: Which signal are you referring to? The Larmor frequency one? 
 
H. Kauffmann: The Larmor frequency, yes. 
 
T. Ritz: Well I did offer an explanation. For a particular class of radical pairs, where you have symmetry, you 
expect strong resonance at that particular frequency, namely if you have a free electron that is in there. So, that is 
indicative that one of the partners seems to be a radical that is devoid of other strong magnetic interactions that 
dwarf the magnetic field. That is the best one can say at this point. Now, the absolute value is very weak and it could 
suggest for example that the lifetimes are very long, longer than we estimated, than the 10 µsec.  But again, you 
really do not know the quantitative analysis at this point. You do not know how robust the compass is, and whether 
noise that you add to it will disrupt it. There is really no basis to give that number. 
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H. Kauffmann: So, ad hoc, I mean that as a chemist or physical chemist, in cases of chemically induced electron 
spin polarization effect, you may expect polarization phenomena that go into the amplified absorption or into the 
emission. This is the so called CIDEP  (chemically induced dynamic electron polarization) spectroscopy, which was 
very famous thirty years ago. Is there something that is related to this? 
 
T. Ritz: That is the first correlation we draw. On the other hand, I think it is sometimes dangerous to use these 
analogies. I am not sure how much population differences matter because when you have the same static field, it is 
just the effect on the coherent evolution that changes.  
 
H. Kauffmann: Sure, but you have to consider that in a chemically induced process, your Boltzmann distribution is 
disturbed. So you have totally different population numbers, and these are the reason for the polarization effects. So 
this would mean that the chemistry is producing the pair by the sun and quite evidently, due to the long-time 
behavior of this radical pair, this is possible.  
 
T. Ritz: Yes, but these very weak fields are hard to explain. I mean, there is not anything obvious that you could 
link with.  
 
P. Hore: OK, thank you. Next please.  
 
R. Harris: What happens [to the bird’s compass] when there are sunspots? 
 
W. Wiltschko: This compass would not be affected. I did not go into that. We have a kind of biological window 
where you can raise and lower the intensity of the field by, let us say, 6 or 8 µTesla without altering the compass 
reaction. Where the sunspots work on is the second organ, the beak, where the magnetite is, which birds use in the 
map sense. The birds’ orientation system is map and compass. They must know where they are and pinpoint a place, 
and magnetic features can tell them a kind of magnetic latitude.  So the system cannot be disrupted by sunspots.  
 
P. Hore: Thank you.  
 
R. Cogdell: I am intrigued by the fact that there is only a window where the birds respond and migrate. Are there 
cryptochrome photoreceptors in the eye the whole time or are they synthesized at that time of the year where they 
have sensitivity?  
 
W. Wiltschko: We do not know that. We have only few robins in migration and outside migration. Cryptochromes 
are present in both cases. But they are also found in chickens, which do not migrate at all. I do not think the 
cryptochromes are sometimes present and sometimes not. I also think that the magnetic compass functions during 
the day and also in birds which do not migrate. It is good that they have a compass also for the daily life to know 
where the nest is, where to go for food, for water, and so on, to structure the lay of the land.  
 
R. Cogdell: So there must be some other mechanism that is making them sensitive at that point in the year that they 
would then respond to the compass differentially compared to normal behavior.  
 
W. Wiltschko: I do not think so. The compass works, and at some time of the year they use it for long-distance 
migration.  
 
R. Cogdell: Yes, but there must be some signal there. 
 
W. Wiltschko: There are a lot of signals, such as those causing night restlessness, let us say they get active during 
the night. That is a hominal stage of the bird which changes totally.  
 
P. Hore: Thank you. Rudy?  
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R. Marcus: There are of course other groups that migrate, in the ocean for example. I do not know whether they 
migrate at a distance where they can see light, or anything like that, or whether they are just using the shoreline, but 
are there any such effects in fish?  
 
W. Wiltschko: The data in fish point more towards a polarity compass, probably due to the magnetite. But that is 
not totally clear. Sea turtles have a compass like my birds here, but they can do it also in darkness, so there must be 
another kind of mechanism, maybe affected by energy. 
 
R. Marcus: Well there is moonlight. It is very dim though. 
 
W. Wiltschko: Moonlight should be sufficient. And a similar compass is described for nutes. There we also have 
the light dependency so that a normal compass only works on short wavelength light. 
 
P. Hore: James? 
 
J. Durrant: I guess one of the intriguing things about this is how the birds achieve the sensitivity, because I can 
understand you are saying how singlet-triplet yield changes in magnetic fields, but my memory of similar studies of 
magnetic field effects of radical pairs is that there are quite small changes in the percentage terms. So I guess it is 
quite hard to understand how birds would monitor such small changes. And relating to that, I was just thinking about 
that, as a spectroscopist, if I want to have a sensitive methodology, I have a zero background assay, which would be, 
like in birds, zero background. So is there some sense in which, when the magnetic fields are not aligned, you have 
no triplets, and then you turn the triplet yield on to a small degree. That would give you a much more sensitive 
detection mechanism for something where you are just seeing small changes in a background number of triplets. 
 
T. Ritz: Well, theoretically, one very strongly anisotropic hyperfine coupling makes it better, but it is very 
questionable in the biological environment whether you can chemically realize it. I think we will have to deal with a 
certain amount of - essentially 1 to 10% - changes you might expect (if you are lucky) from such a mechanism at the 
protein level. But that can be amplified. So the question is not so much how much you get, but if it is above the 
signal to noise ratio. And that depends again on the number of molecules involved. So ultimately I would say that 
one of the things I would like to see ideally is that, whatever the cryptochrome is affecting, it should fairly quickly 
interact with one of the molecules of the visual transduction pathway to then use the cascades that are in there to 
amplify the signal, or something of that sort. It is not clear at all whether the cryptochrome products do that in these 
studies. This has not been done, whatever two-hybrid assays to looking at, forward with products that come out from 
expression assays in there. So that would be very nice. If you had that link then you could use that machinery and 
since they sit in the outer segments of photoreceptor cells, there is a real possibility that that might happen.  
 
J. Durrant: Do you have a sense for the sort of magnetic field levels we are talking about? How much the triplet 
yield changes in percentage terms in model system studies? Is it 1%? 10%? 
 
T. Ritz: 1% is a good number I think. If you are lucky you will get a few more.  
 
P. Hore: Perhaps I can make a comment on that before we take the next question. If you make some reasonable 
assumptions about the properties of the reaction and the radicals, you can estimate roughly how many radicals you 
would need, how many cryptochromes you would need in the eye, to detect the direction of the field with a 
reasonable angular resolution. And once you get a signal to noise ratio of more than one, you need something on the 
order of 109 cryptochromes in the eye, and that seems like a plausible number. But if you then repeat that calculation 
not for the earth's magnetic field at 50 µTesla but for the radio frequency fields which disorient the birds, at 1.3 
MHz, that is 15 nTesla, more than a thousand times weaker, you come to the conclusion you need more than a 
million times more cryptochrome molecules, so 1015.  And that really stretches one's imagination. Imagine the 
eyeball packed with cryptochromes, you might get enough in there. And there is clearly something wrong there. 
Probably, simple estimates are too naïve, but we do not know in which way. And so I think the sensitivity is a real 
challenge for the future for this mechanism.     
Graham? 
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G. Fleming: Do I have the picture correct that this is like programming a GPS at the start of the journey and then 
thereafter you cannot do anything about it if you get blown in a different direction?  
 
W. Wiltschko: I do not think so. You see, magnetic orientation in the real world is not the only factor. Biology in 
this case is highly redundant. Thorsten has already mentioned that all the migratory birds have more compasses than 
the magnetic compass at their disposal and in the map the magnetic factors are one of many. We were estimating, by 
flying with an airplane behind homing pigeons, that they change directions every 5 km. Mathematical models and 
analyses of such flight tracks suggest that they determine a new direction probably every 2 sec. There is a permanent 
process going on.  
 
G. Fleming: There is also a collective effect: birds fly together. 
 
W. Wiltschko: Yes, we are about to test that they fly together. These migratory birds, in nature, fly by night and 
alone, robins for instance. That is, we selected a bird which migrates alone. When we do tests with pigeons, we 
force them to fly alone, we let just one go.  
 
P. Hore: Dwayne? 
 
R.J. Dwayne Miller: This is incredible stuff to me. The thing I am having trouble with is on the signal transduction. 
I can see you get the radical pairs and with the weak field, like in an ESR experiment, you get this effect that Harald 
was talking about. Work that Peter Trommsdorff did, and I was involved with it, we had to apply 15 Tesla fields, not 
nTesla, to change the singlet-triplet inter system crossing. So in the signal transduction step, I do not quite follow, is 
it somehow the spin states that have different recombination rates? Because you have to have this, and I am just 
trying to understand how this affects the yield. You need to change the coupling between the field, the Zeeman 
splitting has to bring you on resonance to another Franck-Condon mode too weak to undergo inter system crossing 
back. µTesla is an incredibly small splitting, you do not hit the next resonance. I am just curious: is this signal 
transduction, are you building up this magnetic polarization? Or are you actually changing singlet-triplet yields and 
accumulating product that then kicks in a sensor? 
 
T. Ritz: So for just the static field, we are talking about essentially setting up a chemical switch where, let us say, 
you have two product rates that you get out from the singlet or the triplet and something like that, and then you have 
your coherent interconversion between the two states, let us say in the easiest case just an oscillation back and forth. 
Then it decays according to these two channels. And somehow if you add an external field, you just change 
essentially the fraction of how much you are in the single or triplet state during that evolution.  
 
R.J. Dwayne Miller: Have you done an in-situ study to see that if you apply a magnetic field you can change the 
singlet-triplet yield?  
 
T. Ritz: Well, yes. 
 
R.J. Dwayne Miller: That is the point you were making, I guess. 
 
P. Hore: Yes, the radical pair-making mechanism is now forty years old.  There are now hundreds of examples of 
radical reactions that are sensitive to magnetic fields by this mechanism. I think there is a slight misunderstanding. It 
is important to realize the single and triplet states of the radical pair are essentially degenerate.  So it is not like in 
the intersystem crossing within a molecule, where the triplet would be way lower in energy than the singlet. So the 
Franck-Condon factor is just irrelevant. And there is a facile interconversion by very weak magnetic interactions of 
essentially degenerate singlet and triplet states. 
 
J. Klinman: I would just like to comment on how, after you get the singlet-triplet interconversion, you have your 
triplet state that you need to reset. That may be the neuro-chemical signal. That is, you have these unpaired spins 
that, rather than recombining, you may destroy the semiquinone by one mechanism. If you have, let us say, an 
amino acid that is a radical, it could start some electron transfer and be part of the circuitry that is the response in 
terms of the nervous system. People talk about that, but it is not just a recombination. It could be you have separate 
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channels that are linked up to the nervous system and that is what is giving the signal. Is that completely off the 
wall?  
 
T. Ritz: There is a lot of chemistry you have to think about, whether you get the times right. But, so, you could set 
up a real switch where you send something along singlet and triplet routes. That would be one way. The other way 
would be that the triplet state is sort of just the delaying state where, if you send it there, the recombination is slowed 
down or some kinetics is slowed down. But in any case, you need some kind of competition and ideally some kind 
of kinetics where, if you affect one of these steps, you have a pretty sizable effect that comes from that. 
 
J. Klinman: If the cryptochrome is a protein, you might want to look for protein-protein interactions, because if 
there is some inter-protein electron transfer, you could pick it off. 
 
T. Ritz: Yes, so cryptochrome is a fairly new protein in the molecular biology world. It was discovered in 1998 and 
people still do not know really how to grow it well with cofactors, it still gives low-yields. So, it is known that they 
form actually dimers, or that they are in a dimerized form to be active. That is an important part of that. There can be 
methylation, so there is a lot of regulation that can happen on top of that and you have at some point the electron 
donor from the outside, from somewhere which is usually not known. You know you can mutate the amino acids 
inside but it is not known what the system is coupling to, even for light sensing in cryptochromes.  
 
P. Hore: The evidence seems to be in other contexts of cryptochrome signaling. It is the flavin radical state of the 
protein which is the signaling state, and which is in a different conformation and so interacts differently with 
binding partners and triggers the transduction.  
 
T. Ritz: Maybe, if I can say one thing to that, one idea is that you have essentially a conformational change induced 
by the different state that you have in there. Then the C-terminus gets exposed and that triggers further reactions. 
The way one sees that is that, if you take a plant and the light sensing through cryptochromes and you just throw in 
the C-terminus, the plant behaves as if it was under saturation light. So that indicates that exposing the C-terminus is 
in some way important. But that is, as much as we know about the light signal transduction.  
 
P. Hore: Rienk, did you have a question? 
 
R. van Grondelle: It also had to do with this, actually it is the same question: what is actually the consequence of 
changing LOV [light, oxygen, or voltage] domains which I guess are very similar, at least in terms of functioning, 
where you also have a radical pair and you produce triplets at the end and the triplet state is the sensing state. It is 
also a dimer, probably monomerizes. 
 
T. Ritz: Yes, but the kinetics is much more unfavorable for magnetic field effects there.  
 
P. Hore: Do you not need a mutant of the LOV domain before you get a radical pair? 
 
R. van Grondelle: We think you get a radical pair as a precursor to the signal, that is what I mean. 
 
P. Hore: OK, but probably, it is so tightly coupled that a weak magnetic field would not be able to have much of an 
effect.   
 
R. van Grondelle: It is the other way around. 
 
P. Hore: Rudy, please? 
 
R. Marcus: Judith brings a very interesting question, but I wonder if, as Graham mentioned in the photosynthetic 
case, the system replenishes itself, and whether that might be happening in this case too. And I think Graham 
mentioned that they replenish every hour.  
 
P. Hore: Presumably.  
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T. Ritz: Cryptochromes certainly. I mean, some of the biochemical known reactions of cryptochrome are in the 
clock where it is actually part of an oscillator. So it is part of a molecule that gets built and then reduced in a cyclic 
fashion, not necessarily on our timescales, but you could wrap it up if you wanted to, if that is what biology wanted 
to do. So, there is no problem with expressing proteins on our timescales and regulating different levels. There are 
even some hints that cryptochromes are involved in some of these oscillations.  
 
P. Hore: So I would like to draw this session to a close and thank Thorsten and Wolfgang for a truly stimulating 
talk.  
 
 
